Groundwater is among the most available water resources in Tunisia; it is a vital natural resource in arid and semiarid regions. Located in north-eastern Tunisia, the Metline-Ras Jbel-Raf Raf aquifer is a mio-plio-quaternary shallow coastal aquifer, where groundwater is the most important source of water supply. The major ion hydrochemistry and environmental isotope composition ( 18 O, 2 H) were investigated to identify the recharge sources and processes that affect the groundwater salinization. The combination of hydrogeochemical, isotopic, statistical, and GIS approaches demonstrates that the salinity and the groundwater composition are largely controlled by the water-rock interaction particularly the dissolution of evaporate minerals and the ion exchange process, the return flow of the irrigation water, agricultural fertilizers, and finally saltwater intrusion which started before 1980 and which is partially mitigated by the artificial recharge since 1993. As for the stable isotope signatures, results showed that groundwater samples lay on and around the local meteoric water line LMWL; hence, this arrangement signifies that the recharge of the Ras Jbel aquifer is ensured by recent recharge from Mediterranean air masses.
Introduction
The hydrogeology of coastal aquifers has been studied intensively during the past decades, stimulated by both scientific interest and societal relevance [1] . Coastal areas throughout the Mediterranean face salinization problems of groundwater which is the major source of water supply especially for drinking and agricultural sector. The imbalance between abstraction and natural recharge rates causes an overexploitation of groundwater resources resulting in declining groundwater table, water quality degradation, and crop damage.
A number of aquifers in coastal zones are being increasingly exploited and affected ( [2] [3] [4] [5] [6] ). For instance, groundwater contamination and decline of water levels have been reported in Tunisia [7] [8] [9] [10] [11] [12] [13] and in many countries around the world. It has been reported in India [14] , Jordan [15] , Australia [16] , USA [17] , China ( [18, 19] ), Netherland [1] , and among many others.
In semiarid coastal regions of north-eastern Tunisia, such as Ras Jbel plain, the groundwater is usually the main resource used for irrigation and drinking purposes. Nevertheless, salinization is becoming a common problem affecting groundwater resources. Groundwater exploitation of the Ras due to seawater intrusion and decreasing groundwater levels has recently been identified [21] . Unplanned and substantial withdrawals of groundwater from the shallow aquifer of Ras Jbel have resulted in severe water level decline of up to 7 m in some areas and high total dissolved solids (TDS) contents reaching 8000 mg/l. Reports of increasing salinity of groundwater supplies in the area suggest a need to define the sources of salt water. It is also useful to study the recharge mechanisms as well as the mixing fresh water/saline water. Stable isotope and geochemical techniques have been used in groundwater studies of coastal aquifers worldwide [22] [23] [24] [25] for determining the origins of groundwater salinization in aquifers and processes that affect water chemistry, such as rock weathering, evaporation, atmospheric precipitation, and cation exchange. Consequently, studying stable isotope and geochemical techniques can significantly improve our understanding of groundwater hydrodynamical processes and chemical evolution [26] . In the present study, environmental isotopes ( 18 O, 2 H) in conjunction with hydrochemistry (major ions) were employed (1) to define the potential sources and different mechanisms of groundwater salinization in the study area (2) to discuss the chemical evolution of groundwater and (3) to explain groundwater recharge and discharge in the coastal plain of Metline-Ras Jbel-Raf Raf.
Study Area
The Metline-Ras Jbel-Raf Raf plain, which covers a total area of about 50 km 2 , represents one of the most important 1993  1967  1965  1963  1997  1999  1973  1975  2001  1985  1983  1995  2003  1979  1977  1971  1969  1961  1981  1959  1989  1987  2005 and Wadi Bel Khedim formations. The Kechabta formation has a thickness of about 1000 m and consists of alternation of marls and fine sandstone benches. The Wadi Bel Khedim formation is of 250 m thickness. At the east of Raf Raf, it is composed of large outcrops of gray marls with gypsum benches. The Quaternary series unconformably overlie the Miocene series and is divided into seven units (from bottom to the top qm 1 , Aa, qm 2 , Qp a , Qp-t, D and a). Hydrologically, the Quaternary series and the current formations, characterized by their extension and their good permeability, host the shallow aquifer of Ras Jbel. This aquifer is recharged by local infiltration on the plain, by water flowing from the surrounding hills, and from the different rivers crossing the plain: Wadi Beni Ata and Wadi Ali in Beni Ata region, Wadi El Kantra, El Blaat, and El Ma in Ras Jbel region, Wadi Sandid draining the zone of Raf Raf and Wadi El Kantra in the region of Dar El Khaddar. Pumping tests showed that transmissivity can reach 15.10 −4 m 2 /s. The most transmissive areas are the low alluvial plain of Bahirat Beni Ata, the low alluvial area of Wadi El Krib and El Aouinet, and the upstream area of Ain Cherchar, Ain Ezzaouia, Ain Kassa, and Ain El Hammam, as well as the sandstone dune of Ain El Mestir and Ain Mahloul.
The shallow aquifer of Ras Jbel is affected by natural and anthropogenic factors like evaporation, irrigation, pumping, and so forth. The aquifer is tapped by several private and state owned wells. In the period between 1985 and 1990, the exploitation rate was estimated at 13,5 Mm 3 / year, which exceeded the renewable resources evaluated at 8,44 Mm 3 /year [31] . The total number of dug wells has been estimated to be 1387 in 1985, 1396 in 1990, and 1563 in 2005. In 2005, the exploitation rate was estimated at 10,27 Mm 3 /year ( Figure 3 ). The massive exploitation of aquifer resources in response to the heavy pumping caused a drop in the water level ( Figure 4 ) and the deterioration of water quality. In 1949, the salinity of the groundwater varied between 648 and 1692 mg/l [32] . The investigations carried out by the DGRE between 1985 and 1993 through several monitoring wells revealed the existence of a very saline groundwater. The degradation of the water quality has been detected mainly in coastal areas where salt concentrations exceeded 15 g/l in 1985 and 8 g/l in 1993 and in the depression of Bahirat Beni Ata where the ante-quaternary substratum is below the sea level [21] .
Methods

Water Sampling and Chemical
Analysis. Ninety-four samples (including pumping wells and piezometers) were collected for geochemical analysis (major elements) and isotopes ( 2 H, 18 O) during the wet and the dry season of March and July 2007 ( Figure 5 ). Sampling locations were recorded using a potable GPS device. Prior to sampling, all wells were pumped for several minutes to eliminate the influence from stagnant water. Samples were collected in cleaned polyethylene bottles, tightly capped and stored at 4 ∘ C until analysis. Electrical conductivity (EC), salinity, and pH were measured in the field using a portable conductivity, salinity, and pH meter.
Chemical analyses were done using a Varian 730-ES ICP Optical Emission Spectrometer for cations and using ion chromatography (DX-120, Dionex, USA) for anions. HCO 3 − was measured by titration (Hach, USA). Samples for stable isotope analysis were collected according to the procedures described by Clark and Fritz [33] . Isotopic analyses were conducted in the isotopic laboratory of the department of Hydrology and Geo- 
Statistical Analysis.
The physicochemical parameters and chemical composition of the groundwater samples are presented in Table 1 . All the acquired data were integrated into hydrogeochemical database in order to study the groundwater quality and to identify the groundwater salinization processes that contributed to the acquisition of the actual chemical composition.
Piper plots [34] , considered as the common method for a multiple analyses on the same graph, are used to represent the different water samples and to distinguish graphically between different water types defined by the Stuyfzand classification (1993). Sample points with similar hydrochemistry tend to cluster together in the diagram [35] .
Principal component analysis method (PCA) and correlations are a popular method to assess groundwater quality. One of the principle advantages of multivariate techniques such as principal component analysis (PCA) is that they are able to rapidly reveal relationships between a large number of variables. In this study, PCA and correlations are used to identify the possible sources of major ions in groundwater, hydrogeological reactions that may occur in the study area, and dominant factors that control groundwater quality.
Gibbs diagrams which are a simple plot of the TDS versus the weight ratio of Na
Journal of Chemistry are widely used to establish the relationships between the water composition and the lithological characteristics of the aquifer [36] . Three distinct fields, including precipitation dominance, evaporation dominance, and rock weathering dominance, constitute the segments in the Gibbs diagram.
Hydrogeochemical Modeling. The equilibrium state of the water with respect to a mineral phase can be determined by calculating saturation index (SI) using analytical data. In this study, saturation indices (SI) were calculated in terms of the following equation [37] :
where IAP is the relevant ion activity product, which can be calculated by multiplying the ion activity coefficient i and the composition concentration , and ( ) is the equilibrium constant of the reaction considered at the sample temperature [35] . The geochemical modeling program PHREEQC has been used to evaluate the water chemistry. SI > 0 indicates oversaturation and minerals may be subject to precipitation, SI < 0 means undersaturation and minerals will dissolve, and SI = 0 suggests saturation and minerals are in equilibrium status with respect to the solution [38] .
Results and Discussion
Hydrogeochemical Characterization.
Groundwater quality depends on various chemical constituents and their concentrations, which are mostly derived from the geological stratum of the particular region [6] . The pH was one of the primary indicators of the water chemistry evolution. The aquifer groundwater was neutral to slightly alkaline water, with a mean pH value of 7,23 and 7,15 in the wet and dry season, respectively. Electrical conductivity (EC) of the water samples was medium to high, suggestive of very highly mineralized waters. EC values ranged between 1240 and 6300 S/cm in the wet season and between 1131 and 5430 S/ cm in the dry season. A problem to the water supply development in the area is the increasing electrical conductivity Based on the conductivity values, the groundwater system could be classified into four groups: fresh water (<500 S/ cm), marginal water (500-1,500 S/cm), brackish water (1,500-5,000 S/cm), and saline water (>5,000 S/cm). Based on our conductivity values it is evident that groundwater in Ras Jbel aquifer is in marginal and brackish waters. Few samples are of saline water type.
The study area is characterized by a wide range of salinities. Salinity values ranged between 500 and 3600 mg/l in the wet season and between 500 and 3500 mg/l in the dry season. The higher values of EC and salinity are indicators of higher ionic concentrations, probably due to the high anthropogenic activities in the region and geological weathering conditions but also due to the intrusion of sea water into the groundwater system.
The relative content of a cation or an anion is defined as the percentage of the relative amount of that ion to the total cations or anions, respectively [39] . In the study area, the strong acid anions (Cl − and SO 4 2− ) exceed weak acid anions (HCO 3 − and CO 3 2− ). On the other hand, sodium and calcium concentrations exceed magnesium and potassium contents. The triangular diagram (Figure 7) shows that the groundwater chemistry was mainly characterized by two groups. The first group was Cl − -Na + type, in which Na + accounted for more than 52-65% of the total cations; the second group was Cl − -Na + /Ca 2+ type, in which Na + and Ca 2+ accounted for 37-48% and 36-53% of the total cations, respectively. Chemical facies in the phreatic aquifer of Ras Jbel seem to be directly related to the configuration of the ante-quaternary substratum and the proximity of several sampled wells from the sea. The Na-Cl-type indicated the presence of high chloride concentrations in the aquifer which may originate from the dissolution of halite, influx of sewage or waste water, and mainly intrusion of sea water [40] . In the downstream part of the plain near the sea and in Bahirat Beni Ata, where a marine intrusion was detected since 1980, the groundwater is mainly of Cl − -Na + type (Figure 8 ). The distribution maps of Cl − in both wet and dry seasons (Figures 9(a) and 9(b) ) are well correlated with those of electrical conductivity and facies.
Processes Controlling Groundwater Salinization.
Understanding the water salinization mechanism is the basis for regional salt management. Groundwater salinization is largely a function of the mineral composition of the aquifer through which it flows and hydrogeochemical processes such as mineral dissolution, precipitation, evaporation and transpiration, ion exchange, and the residence time along the flow path. It is also linked to various anthropogenic activities such as agriculture, overexploitation of groundwater resources, and sewage disposal.
Water-Rock Interaction and Origin of Groundwater
Mineralization. Reactions between groundwater and aquifer minerals have a significant role on water quality. The × correlation matrix, revealing the existence of bivariate linear correlations between variables, allows a better understanding of the dominant water-rock interactions or source of the ions over the study area. Additionally, the use of multivariate (Tables 2 and 3 ). The first two factors 1 and 2 were always retained, explaining about 73% of the total variance ( Table 2 ). Factors of a higher order generally explained the variance of a single parameter or established poorer and less significant correlations with two parameters [42] . The correlations established between the TDS and concentrations of major elements (Table 3) show that the TDS is well correlated with the concentrations of chloride ( 2 = 0,96), sodium ( 2 = 0,87), calcium ( 2 = 0,83), magnesium ( 2 = 0,73), and sulphates ( 2 = 0,76). The high correlation of TDS with chloride, sodium, magnesium, sulphate, and calcium indicated that these elements are mostly contributed by mineralization. These ions have been dissolved into groundwater continuously and resulted in the rise of TDS. The contribution of carbonates and potassium is negligible ( 2 = 0,37 and 2 = −0,05, resp.). The low correlation between TDS and pH suggests that the dissolution of the salts is not related to acidic conditions of groundwater but it is related to their degrees of solubility. HCO 3 − and pH apparently have little association with the other variables.
Bicarbonates are not correlated to calcium r(HCO 3 Ca) = 0,20 indicating another source other than the calcite dissolution. However, considerable correlation coefficients between sodium and chlorides r(NaCl) = 0,84 and between calcium and sulphates r(CaSO 4 ) = 0,50 suggest halite and gypsum dissolution, respectively.
The first factor 1 accounts for 58% of the total variance, and it is contributed by the following variables: EC, TDS, Mg, Ca, Na, Cl, and SO 4 . This factor is associated with the salinity component (NaCl salt source with Ca and SO 4 enrichment) and the cation exchange. The second factor 2 accounts for 14% of the total variance, and it is negatively determined by K and HCO 3 ( Figure 10 ). It suggests carbonates weathering and pollution by fertilizer application. In order to understand the origin of groundwater mineralization in Ras Jbel plain, the saturation index (SI) was calculated. The mineral facies are chosen based on the analysis result of groundwater quality, the main components of groundwater, and the occurrences conditions ( [6, 43, 44] ). In the study area, the main cations are Na + , Ca 2+ , and Mg 2+ and the main anions are HCO 3 − , SO 4 2− , and Cl − ; thus gypsum, anhydrite, calcite, dolomite, aragonite, and halite are chosen to be the mineral facies.
The positive values of the calculated SI with respect to calcite and dolomite for all groundwater samples ( Figure 11 ) suggest their oversaturation in respect to these minerals (0,05 < SI calcite < 1,32 and 0,08 < SI calcite < 1,18 in the wet and dry seasons, resp., and −0,10 < SI dolomite < 2,29 and 0,06 < SI dolomite < 1,98 in the wet and dry seasons, resp.). As described by Appelo and Postma [45] , the dissolution of calcite and dolomite is as follows: Calcite:
Dolomite:
However, focusing on the scatter plots of bicarbonate versus calcium and calcium + magnesium versus bicarbonate we notice that groundwater samples are not plotted on the 1 : 1 straight lines of calcite and dolomite dissolution ( Figures  12(a) and 12(b) ). Groundwater samples show an excess of Ca 2+ that can be explained by the gypsum dissolution. The plot of SIGypsum and SIAnhydrite versus TDS exhibits a proportional and parabolic shape evolution with negative values of the saturation indexes ( Figure 11 ) (−1,86 < SI gypsum < −0,34 and −1,72 < SI gypsum < −0,35 in the wet and dry seasons, resp., and −2,08 < SI anhydrite < −0,56 and −1,94 < SI anhydrite < −0,56 in the wet and dry seasons, resp.). Thus, both calcium and sulphate are derived from the same origin, which is the dissolution of gypsum and anhydrite.
Journal of Chemistry However, the plot of sulphate versus calcium (Figure 12(c) ) shows an excess of Ca 2+ ions for the majority of the groundwater samples. For these samples, the (Ca/(Ca + SO 4 )) ionic ratio greater than 0,5 ratio (from 0,53 and 0,79) confirms the ionic exchange process [46] . The (Ca/(Ca + SO 4 )) ionic ratio close to 0,5 confirms that the main source of Ca 2+ is the gypsum dissolution [46] .
A bivariate diagram of sodium versus chloride (Figure 12(d) ) reveals two main groups: for the first group halite dissolution was maintained for a slope equal to unity where majority of the samples are situated on the 1 : 1 straight of halite dissolution given by the following reactions [45] :
Halite: NaCl ←→ Na
The second group includes the high-salinity samples (Na-Cl type), which do not follow the halite dissolution line and show enrichment in chloride compared to sodium. Thus, another phenomenon other than geological effect is controlling their salinization, and this may be the salt water intrusion. Water samples were plotted in the Gibbs diagrams, which takes into account the major role of natural mechanisms (rock weathering, evaporation, and precipitation). Figure 13 clearly shows that the mechanism controlling water chemistry seems to be a combination of the weathering of carbonates minerals as well as the evaporation-precipitation processes. However, low rates of the groundwater samples were obtained in areas that were dominated by rock-water interactions.
Samples with Na + /(Na + + Ca 2+ ) or Cl − /(Cl − + HCO 3 − ) ratios greater than 0,5 and TDS levels between 783 and 4323 mg/l showed that the groundwater chemistry was controlled mainly by the saline water mixing or evaporation. Evaporation results in increased TDS in relation to high ratios of dominant cations and anions and CaCO 3 precipitates by losing Ca 2+ and HCO 3 − .
Ionic Exchange Processes and Freshwater-Saline Water
Mixing. Ion exchange is one of the important natural processes responsible for the concentration of ions in groundwater and has significant impact on the evolution of groundwater chemistry [18] . The dominance of salty groundwater dominated by sodium and chloride ions in Ras Jbel shallow aquifer provides evidence of mixing with an external salinity source, which could be the seawater from the coastal part of the aquifer. Cation exchange, responsible for the salinity signature, is described by two mixing mechanisms (freshening and saline water intrusion). Equations (6) and (7) show the gain or loss related to Na + and (Ca 2+ + Mg 2+ ) within the exchanger X.
The freshening process or direct ion exchange: where Ca 2+ from freshwater displaced the marine cations Na + and Mg 2+ from the exchanger complex. The resulting loss of Ca
2+
from solution decreases the saturation state for calcite and possibly causes calcite dissolution.
The intrusion of seawater or reverse ion exchange also triggered cation exchange reactions where Ca 2+ was expelled from the exchanger by seawater Na + and Mg 
Ca
2+ is being flushed from the aquifer by groundwater flow [45, 47] .
The plot of [(Ca
is the gain or loss of (Ca 2+ + Mg 2+ ) due to the carbonates and gypsum dissolution. The relationship of (Na + -Cl − ) determines the gain or loss of Na + relative to the halite dissolution. If there is no ion exchange, all water samples will be placed in the origin of diagram [46] . Figure 14 shows that reverse ion exchange is a dominant process. To confirm the effect of reverse ion exchange, chloroalkaline index CAI-1 was calculated in milliequivalents per liter according to the relationship proposed by Schoeller [48] :
If reverse ion exchange occurs in groundwater, CAI-1 values are positive. The calculated CAI-1 values are positive for more than 70% of the water samples which confirmed that reverse ion exchange is a dominant process. This shows that the interaction between the seawater and groundwater in the study area is playing a major role in the contamination of the aquifer by seawater intrusion. These results indicate that seawater/freshwater interface is in a continuous evolution despite the artificial recharge operations since 1993, and this probably because of the permanent heavy pumping. Water samples concentrated in the origin of the plot
indicated the absence of the ion exchange process which can be attributed to the evaporation process followed by carbonate precipitation [49] . This result confirmed the results obtained using saturation states of minerals and Gibbs diagrams.
The seawater fraction in the groundwater is often estimated using chloride concentration [50] . Chloride ion has been considered as a conservative tracer not affected by ion exchange [51] . For conservative mass balance of the mixture, the equation used is as follows [45] :
where Cl mix is the Cl − concentration of the sample, Cl seawater is the Cl − concentration of the Mediterranean Sea, and Cl freshwater represents the Cl − concentration of the fresh water. The fresh water sample will be chosen considering the lowest measured value of the electrical conductivity.
The rate of mixture varies from 0,32% (well n ∘ 23) in the north of the Raf Raf region and where the configuration of the ante-quaternary substratum prevents the marine intrusion to 13% (well n ∘ 1) near the shoreline (close to the coast). The highest value of the mixing fraction corresponds to the highest measured values of Cl − and EC (1792 mg/l and 5430 S/cm, resp.).
Isotopes and Groundwater Origin.
The stable isotope ratios of oxygen and hydrogen in the groundwater are useful tools to differentiate between salinity origins [52, 53] and to help us understand various sources of recharge processes to groundwater because they are sensitive to physical processes such as atmospheric circulation, groundwater mixing, and evaporation ( [33, 54] ).
In arid and semiarid regions evaporation could be an important process influencing groundwater chemistry [19] . To understand the relationship between isotopic composition of groundwater of the shallow aquifer of Ras Jbel and those of precipitation measured at the station of Tunis Carthage situated at 50 km from the plain of Metline-Ras Jbel-Raf Raf, a bivariate diagram 2 H versus 18 O is plotted in Figure 15 (a). A local meteoric water line (LMWL) for Tunis Carthage was used to interpret the data in this study. The local meteoric water line (LMWL) is controlled by local hydrometeorological factors, including the origin of the vapor mass, reevaporation during rainfall, and the seasonality of precipitation [33] . The isotope composition of the precipitation was plotted along the LMWL using the following equation:
2 H (‰) = 8 *
18 O (‰) + 12,4 (which had a correlation coefficient 2 = 0,99) [55, 56] . Figure 15 (a) shows that the isotopic composition of most of the groundwater samples collected in the wet season (except for sampling site number 35) lies within a narrow range, confirming that these groundwater samples had the same recharge source. Furthermore, all groundwater samples are scattered around the LMWL indicating that the recharge of the Ras Jbel shallow aquifer originates from infiltration of recent precipitation from Mediterranean vapor masses. Based on their isotopic composition, two groups of groundwater samples were identified ( Table 4 ). The first group is relatively depleted in isotopic values and includes samples with The groundwater samples collected in the dry season were enriched compared to those collected in the wet season. The (Figures 15(b) and 15(c) ). If samples are plotted above the lines, significant groundwater evaporation process can be confirmed.
Additionally, the isotopic data from the dry season were linearly fit using the regression equation 2 H (‰) = 3,09 * 18 O (‰) − 11,81 (with a correlation coefficient 2 = 0,83). The GEL has a smaller slope than the LMWL, because evaporation tends to enrich heavy isotopes in water ( [19, 57] ). The increase in groundwater salinity due to evaporation can thus result in simultaneous increase in heavy isotopes ( [19, 35] ). The GEL of the dry season intersects the LMWL at values of 18 O = −4,93‰ versus V-SMOW and 2 H = −27,32‰ versus V-SMOW, which are chosen as baselines (Figures 15(d) and 15(e)). It is observed that 80% of the groundwater samples were plotted above the baselines and this demonstrates that evaporation has a significant contribution to groundwater salinity in the study area.
Furthermore, the deuterium excess calculated as d-excess
has been widely used in hydrological studies. The d-excess is used to identify secondary processes that influence the atmospheric vapor content in the evaporation-condensation cycle in nature ( [54, 58] ). The dexcess plotted against 18 O shows a negative correlation for the whole set of samples ( Figure 16 ). The decrease in d-excess is an indication that evaporation has occurred during the recharge process which again confirms the previous results.
Irrigation Return Flow.
Irrigation return flow is defined as the excess of irrigation water that is not evapotranspirated or evacuated by direct surface drainage and which returns to an aquifer or surface water [59, 60] . Irrigation return flows may induce salt and nitrate pollution of receiving water bodies [61] . Indeed, NO 3 − is the most common water contaminant, and NO 3 − pollution is increasing because the number of anthropogenic sources is increasing [26] .
71% of groundwater samples are contaminated by nitrates where the concentration exceeds the permissible value of 50 mg/l set by WHO [62] . The spatial distribution of nitrates ( Figure 17) shows that high nitrate contents are observed especially in the upstream of Ras Jbel aquifer. Groundwater contamination by nitrate is due to the intensive use of nitrogen fertilizers (Ca(NO 3 ) 2 , KNO 3 , and MgSO 4 ). In recent years, the agricultural land area in Ras Jbel plain has increased and copious amounts of nitrogenous fertilizer have been used, which have increased the groundwater NO 3 − concentrations.
Furthermore, return flow from irrigation water also seems to contribute notably to the recharge process. Most of groundwater samples shows a correlation between NO 3 and 18 O, reflecting the significant role of evaporated and contaminated irrigation water to the groundwater salinization (Figure 18(a) ). Huge quantities of irrigation return flow elevated groundwater level, hence increasing evaporation and inducing salinization [63] . As highlighted in Figure 18 (b), the contamination by return of irrigation water is observed in the shallower horizons (depth ≤ 13 m).
Conclusions
This paper aimed to discuss the origin, processes, and mechanisms of groundwater salinization, as well as the chemical evolution of groundwater in the Ras Jbel coastal aquifer using isotopic tools and hydrochemical tracers. Most of the groundwater is considered to be of brackish to saline water and contains high ion concentrations. The groundwater in the study area is influenced by both natural and anthropogenic factors. The major geochemical processes controlling hydrochemical evolution are the inverse cationic exchange due to the phenomena of seawater intrusion, dissolution of evaporates minerals (halite, gypsum, and/or anhydrite), irrigation return flow, water-rock interactions, and evapo(transpi)ration. (Figure 19 ). The mixing rate among freshwater and saline water ranges between 1 and 13%.
In addition, groundwater in the shallow aquifer of Ras Jbel is also contaminated by agricultural fertilizers containing high amounts of nitrates. Nitrates are transported to the aquifer by natural recharge process and by return flow from irrigation water.
Hydrogen and oxygen-18 stable isotopes signatures of groundwater have identified recent groundwater recharge by infiltration of local precipitations. The enrichment in stable isotope of groundwater confirms that return flow of irrigation waters is an important factor influencing groundwater quality.
The results of this study can be used to improve our understanding of hydrogeochemical processes and enable the protection and sustainable use of water resources. It, therefore, calls for more comprehensive research for better water resources management. 
Conflicts of Interest
The authors declare no conflicts of interest.
